Abstract. Theoretical and empirical research during the last decade suggests that increasing species richness often enhances ecosystem processes such as productivity, nutrient cycling, or resistance to disturbance. By analogous reasoning, it can be hypothesized that genetic diversity within species will have equivalent effects; however, this hypothesis has rarely been tested. We present experimental support for the positive effects of intraspecific diversity on a key trait: larval settlement in a marine invertebrate, the barnacle Balanus improvisus. Varying within-species diversity levels of an animal over nine experiments, we found increasing larval settlement with increasing diversity (one, two, or three parental broods). Possible mechanisms explaining this pattern include: (1) facilitation of gregarious response through the presence of founder genotypes, and (2) ensuring genetic complementarity to increase future reproductive potential. Our results indicate that changing intraspecific genetic diversity could have hitherto unrecognized community-scale implications for larval recruitment and space occupancy.
INTRODUCTION
The effects of changing biodiversity on ecosystem and community processes have been the focus for extensive research during the last decade (see Loreau et al. [2002b] for an overview). Most studies have focused on production in terrestrial plants (e.g., Hector et al. 1999 , Mulder et al. 2001 , Reich et al. 2004 , although recent work has extended research on biodiversity effects to higher trophic levels, to other ecosystem properties such as facilitation, and to aquatic environments (e.g., Cardinale et al. 2002 , Duffy et al. 2003 , Hillebrand and Cardinale 2004 . Of the various mechanisms proposed to explain the observed ecosystem effects of biodiversity, complementarity and/or selection have been most commonly invoked . Similarly, species diversity (most often as species richness or functional group diversity) has almost exclusively been used as the sole measure of biodiversity. Such studies have established the potentially pervasive importance of diversity in ecosystem function; however, by their very nature, the measures used cannot account for the effects of variation in diversity within species.
It is well known that loss of genetic diversity can reduce the ability of a species to adapt to changes in the environment (see Frankham et al. [2002] and Keller and Waller [2002] for overviews), and may exacerbate effects of inbreeding (but see Meyers and Bull 2002) . When investigating ecosystem processes it is therefore important to consider intraspecific diversity in a ma- nipulative experimental framework similar to that of interspecific diversity. To our knowledge, this has been attempted in only one system: in experiments examining the effects of genetic diversity of eelgrass on resistance to grazing (Hughes and Stachowicz 2004) and to heat stress (Reusch et al. 2005) .
In this study, we tested the consequences of genetic diversity for settlement success in the barnacle Balanus improvisus. Successful settlement and recruitment is crucial for organisms living in the littoral and shallow sublittoral zones where competition for bare space is intense (e.g., Connell 1961) . The rate of settlement is therefore a critical life history trait defining the success of such species (Gaines and Roughgarden 1985) . Balanus improvisus is common on rocky shores of the northern Atlantic where, together with other sessile organisms such as algae and mussels, it is a major competitor for space. This species releases free-swimming nauplius larvae, which molt and grow in the plankton for two to four weeks until they reach the nonfeeding ''cyprid'' stage ready to settle. Balanus improvisus is also common on human-made substrates such as jetties and boat hulls and the species causes substantial problems for the commercial shipping industry. In Sweden, B. improvisus ranges from the Baltic Sea proper (salinity 6‰) to the west coast (salinity 25-30‰ ; Furman 1990) .
We hypothesized that increasing the number of genetically distinct broods of Balanus improvisus larvae would lead to increased settlement and space occupancy (hypothesis 1). We based this hypothesis on a range of possible mechanisms. First, increasing the number of broods might increase the chance of including ''founder'' larvae Pawlik 1994, 2001 ), which could stimulate gregarious settling of individuals/broods which otherwise might not settle. Second, larvae of different genetic backgrounds might exhibit preferences for different settlement microhabitats, again leading to amplified settlement through subsequent gregarious responses. Third, a larva may settle more rapidly in a neighborhood with different and complementary genotypes. Fourth, larvae of different genotypes might be expected to differ in their susceptibilities to a stressor, and therefore the effects of intraspecific diversity might appear only under stress (Naeem 1998 , Yachi and Loreau 1999 , Loreau et al. 2002a , Hughes and Stachowicz 2004 . According to the ''insurance hypothesis'' (Yachi and Loreau 1999) , species traits that are redundant under constant conditions may be important and evident when the system is changing or under stress (as shown by Mulder et al. 2001) . We therefore hypothesized there would be an interaction between the effects of stress level and intraspecific diversity on settling (hypothesis 2). To test the hypothesis of positive effects of increasing intraspecific diversity, we conducted a series of nine experiments, simultaneously manipulating barnacle parental brood diversity and seawater salinity. We found that, averaged over all experiments, settling success increased with increasing intraspecific diversity. This result was independent of salinity levels.
METHODS
Twenty Plexiglas panels on which a total of over 10 000 first-generation adults of Balanus improvisus Darwin had settled were collected from Saltö leran (58Њ52.9Ј N 11Њ08.1Ј E) on the Swedish west coast and kept in flowing, filtered seawater at 21ЊC. Adults on these panels were fed regularly with Artemia and a mixture of diatoms (adult barnacles held in these conditions have routinely produced viable offspring which have been used in many previous experiments; e.g., Berntsson et al. 2000) . Offspring from these field-collected individuals were settled onto small Plexiglas plates (2 ϫ 1 cm) and maintained in isolation from early juvenile stage (approximately three weeks). Thirty-seven pairs of these became the parental generation for the larvae used in our experiments. This design minimized the impacts of maternal effects, which could otherwise have been substantial in barnacles taken directly from the field. Balanus improvisus is a routinely outbreeding simultaneous hermaphrodite and, therefore, all larvae within a given batch were always full siblings, (although different batches from the same pair would have had only one of the two possible maternal parents). Consequently, we assumed that genetic variability within broods was substantially less than that among broods.
To test the hypothesis that increasing intraspecific diversity enhances settling success (hypothesis 1), we manipulated the diversity of barnacle larvae in three levels: larval monocultures, mixtures of larvae from two different parental pairs, and mixtures of larvae from three different parental pairs. Barnacle broodstock pairs released larvae approximately every 5-6 d, however it was not possible to reliably obtain replicate batches of larvae from the same three pairs of parents on a given start date for an experiment. For each experiment, we needed more than 7000 nauplii from each of three broodstock pairs in order to guarantee enough cyprids. Consequently, we repeated the experiment using larvae from different combinations of three parent pairs in each experiment. On nine occasions between November 2003 and April 2004, we isolated batches of newly released, nauplius-stage larvae from three different pairs of parents. Larval availability varied such that over all nine experiments we used larvae from a total of 15 different parent pairs (A-O). No three-parent combination was used more than once, although several pairs occurred in different combinations in two or three different experiments. Larvae were incubated in 5-L glass bottles at 26ЊC and fed every second day with a mix of two diatom species, Thallasiosira pseudonana Hasle & Heindal and Skeletonema costatum (Greville). After seven days substantial numbers of nauplii (Ͼ1000), had metamorphosed into cyprids ready to settle (see Berntsson et al. [2000] for details of culture methods).
For each experiment, larvae of one, two, or three different parental broods were exposed to each of two salinity levels: normal coastal surface salinity (25‰) and low salinity (6‰). Salinity was measured, by conductivity, as total salts per unit of water. Although Balanus improvisus is found commonly in estuarine areas, pilot experiments showed that the latter salinity was sufficient to impose a physiological stress on the larvae. Larvae of each broodstock pair (e.g., from parent pair A, B, or C) were exposed to salinity treatments in all seven possible broodstock pair combinations (A only, B only, C only, A ϩ B, A ϩ C, B ϩ C, and A ϩ B ϩ C). For each salinity ϫ brood combination, five replicate plastic petri dishes (Nunc, Roskilde, Denmark; 59 mm diameter) were filled with 10 mL filtered seawater to which a total of 12 B. improvisus cyprids (ϳ500 ϫ 120 ϫ 60 m; L ϫ H ϫ W) were added. Settled cyprids therefore collectively occupied 0.003% of the available surface area and were presumably not space limited at settlement. For one-brood treatments (A, B, or C), all 12 cyprids came from the same parents; for the two-brood mixtures (AB, AC, and BC), six cyprids were taken from each of two batches; and for the three-brood mixture (ABC), four cyprids were taken from each batch. Hence, in the two-and three-brood mixtures, larvae from any one brood could account for no more than 50% and 33% of the settling, respectively. Petri dishes were covered with lids, randomly distributed on a bench in a temperature-controlled laboratory (22-24ЊC), and incubated for two weeks before counting the number of settled cyprids. During each exper-
Number of settled cyprids (mean Ϯ SE) for the three diversity levels. Planned comparisons in the threefactor ANOVA showed significant differences between diversity levels 3 and 1 (P ϭ 0.004). (b) The net biodiversity effects Ϯ 95% CI. Diversity level 3 showed a significant net effect (in numbers of settled cyprids), as tested with a onesample t test (P ϭ 0.022).
iment, dishes were randomly redistributed twice in order to minimize the effects of small-scale variations in ambient light and temperature conditions.
A three-factor orthogonal ANOVA was used to analyze all nine experiments collectively (using SuperANOVA; Abacus Systems, Berkeley, California, USA). ANOVA was used in order to permit testing of our primary hypothesis (that increasing brood diversity would lead to higher settlement, hypothesis 1), using a priori planned comparisons. To ensure that this choice of analysis method did not influence our results (e.g., Cottingham et al. 2005, Lindegarth and Gamfeldt 2005) , we also analyzed our data using a repeated polynomial regression model (Quinn and Keough 2002) . The ANOVA design was unbalanced because the first two diversity levels had 15 replicates each (5ϫA ϩ 5ϫB ϩ 5ϫC and 5ϫAB ϩ 5ϫAC ϩ 5ϫBC) whereas only five replicates were available at the three-diversity level (5ϫABC). Brood diversity (''Div,'' three levels) and salinity (''Sal,'' two levels) were considered fixed factors, and experiment (''Exp,'' nine levels) a random factor. Settlement data were arcsine transformed prior to analysis. Normality of data distribution and homogeneity of variances were assessed by inspecting Q-Q plots and box plots respectively (Quinn and Keough 2002) . To calculate the net biodiversity effects, we used the method of Loreau and Hector (2001) . A significant positive net biodiversity effect means that brood mixtures have higher settlement than is expected based on the mean settlement in brood monocultures. This net biodiversity is the sum of selection and complementarity effects where positive selection effects are the result of dominance in mixtures by particular broods that also dominate in monocultures. Selection effects can also be negative when there is a possibility of tradeoffs between certain traits (such as competitive ability and growth), but this was not the case in our study. Positive complementarity effects result from positive interactions (e.g., facilitation) among broods and/or from complementary settlement preferences. To calculate the probability of getting the hypothesized result of greater settlement in three broods than in two, and in two broods than in one, we also performed a binomial distribution test. The chance of getting the expected result in each individual experiment is one out of six. The probability of getting n or more such events out of N possible by chance is found by summing the binomial probabilities:
We used the interaction between brood diversity and salinity to evaluate the insurance hypothesis at the intraspecific level (hypothesis 2).
RESULTS
We found that, averaged over all experiments, increasing levels of brood diversity resulted in increasing levels of larval settlement (hypothesis 1 ; Figs. 1a, 2) . Levels of larval settlement in the most genetically diverse treatment (three broods) were on average ϳ36% greater than in diversity level 1 (brood monocultures). The hypothesized outcome, i.e., settlement in three broods Ͼ two broods Ͼ one brood, was achieved in 11 out of 18 cases (five of nine cases for the 25‰ treatment and six of nine cases for the 6‰ treatment; Fig. 2 ). Binomial probabilities of obtaining these results are 0.009 (25‰) and 0.001 (6‰).
Planned comparisons showed that numbers of larvae settling when three broods were present were significantly higher than those settling in monocultures (F 1,16 ϭ 11.3, P ϭ 0.004). Similarly, polynomial contrasts in the regression model showed a significant positive effect of diversity, (linear term, P ϭ 0.004, statistics not shown). The net biodiversity effect of the three-diver- Fig. 1b) . Analysis of variance showed that all main effects (P Div ϭ 0.009; P Sal Ͻ 0.001; P Exp Ͻ 0.001), and the interactions between diversity and experiment (P Ͻ 0.001), and salinity and experiment (P Ͻ 0.001) were statistically significant (Table 1 ). Contrary to hypothesis 2, the interaction between brood diversity and salinity was not statistically significant (Table 1) . Results from the nine separate experiments varied in magnitude, sign, and salinity effect (Fig. 2) .
DISCUSSION
Our results document a positive effect of intraspecific diversity on a critical life history function in an animal. Across nine replicate experiments, increasing genetic diversity of Balanus improvisus caused a statistically significant increase in larval settlement (hypothesis 1). It is almost axiomatic that settlement is an important fitness component and a key structuring process in marine communities (Schiel 2004 and references therein), however, the effects of variable intraspecific diversity on settlement and subsequent community development have been overlooked to date. Our results show that colonization of new substrata may depend strongly on the genetic composition and diversity of settling larvae.
Biodiversity-ecosystem function studies have often been subject to sampling artifacts, where higher production or process rates in more diverse treatments is caused by dominance of one or a few species (or genotypes) that are also more productive in monocultures (Huston 1997) . Our experimental design precluded such artifacts; at each diversity level larvae from different batches were always present in equal proportions (i.e., 100%, 50%, or 33% in diversity levels 1, 2, and INTRASPECIFIC DIVERSITY ENHANCES SETTLING Reports 3, respectively). It is nonetheless likely that batches, which had high proportions of settling larvae in monoculture facilitated the (subsequent) gregarious settlement of other batches when mixed together. The proportion of founding settlers spawned by the polychaete Hydroides dianthus has been shown to range from 0% to 50% (Toonen and Pawlik 2001) . Equivalent variation among barnacles could readily explain the patterns we observed.
Our finding augments and extends other recent studies that have found important effects of intraspecific variation. For example, Booth and Grime (2003) showed that high genetic diversity within component plant species reduced the rates of species diversity loss, Hughes and Stachowicz (2004) found that increasing genotypic diversity of seagrass meadows enhanced community resistance to disturbance by grazing geese, and Reusch et al. (2005) found increased resistance to thermal stress in seagrass meadows with higher intraspecific diversity. Other evidence also points toward ecosystem-level consequences of genetic diversity (Whitham et al. 2003 , Wimp et al. 2004 , although this remains contentious (discussed in Agrawal 2003 and Antonovics 2003) .
In contrast to our predictions, we did not find that increasing diversity had a stronger effect on larval settlement under low salinity stress (hypothesis 2, Fig. 2 ). We found substantial variation in the responses of different full-sibling batches of larvae to the same stimulus (salinity ϫ experiment, P Ͻ 0.001, Table 1 , Fig.  2 ): a result which emphasizes the findings of earlier workers who have documented considerable intraspecific variation in the behavior of marine invertebrate larvae (e.g., Mackay and Doyle 1978 , Holm 1990 , Raimondi and Keough 1990 , Havenhand 1991 , Toonen and Pawlik 2001 . The variable settlement observed in our study may have been due to our low-salinity treatment being close to the salinity tolerances of Balanus improvisus cyprids. Regardless, our results do not support the ''insurance hypothesis'' in this system (e.g., Yachi and Loreau 1999, Mulder et al. 2001) .
Several mechanisms could explain our observation that levels of settlement were higher when more genotypes were present (Fig. 1) . Prevalent among these are mechanisms of facilitation, in which genetic variation in settlement probability and/or preference within a brood influences the likelihood of subsequent gregarious settlement of other broods. For example, Toonen and Pawlik (2001) found genetically based differences in fractions of founders and gregarious settlers among larvae of a marine polychaete. If some broods show a higher frequency of ''founders'' than others, the settlement of broods having mainly gregarious cyprids would be enhanced by the presence of such ''founders.'' Hence, a mixture of ''founders'' and gregarious cyprids may lead to overyielding in settling. A second possible cause of variation is complementary settlement arising from genetically based variation in preferences for different microhabitats within the petri dishes: a form of resource partitioning in which some larvae prefer to settle in corners or cracks, others on open surfaces. Another (third) possible cause is that larvae were responding not to increased intraspecific diversity, but rather to increased microbial diversity in the biofilms of the petri dishes arising from co-contamination by cyprids derived from different broodstock pairs. Although possible, we regard this hypothesis as improbable for three reasons: all broodstock containers had a common through-flow seawater and food supply, all broodstock pairs were cleaned with the same brush every two weeks, and settlement preferences of Balanus improvisus are highly insensitive to microbial biofilms (K. M. Berntsson, unpublished data) . A final possible explanation is that larvae may be able to recognize relatedness of newly settled cyprids (e.g., Grosberg 1986 ). Consequently, outbreeding-related fitness benefits may arise for larvae that settle in areas of high nonrelatedness, or active perception of genetic complementarity may stimulate settlement in a mixture of non-kin genotypes as a mechanism to ensure heterozygosity in loci of future broods (Blomqvist et al. 2002) . Our results cannot distinguish between the possible causes since it is not known whether genetic recognition is possible in barnacle cyprids or to what extent variation in founder and gregarious larvae exist.
The implications of enhanced ecosystem function arising from increased intraspecific diversity are enticing. For key structuring species such as barnacles or seagrasses, enhanced settlement (as shown here) or resistance to disturbance (e.g., Stachowicz 2004, Reusch et al. 2005 ) may buffer habitat and environmental change. Certainly, the effects of intraspecific diversity on settlement shown here could have hitherto unrecognized community-scale repercussions. Consequently, it is the effects of not only interspecific but also intraspecific diversity that need to be weighed in conservation and environmental management. This should be especially true in species-poor ecosystems.
